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ABSTRACT: There is a growing list of companies implementing radio 
frequency identification (RFID) systems to help optimize their supply 
chain processes. These companies realize that a successful RFID 
system can potentially lead to lower supply chain inventory levels, re­
duced operating expenses, and greater visibility throughout the sup­
ply chain. However, since RFID technology is still relatively immature, 
a majority of the applications experience less than perfect read rates 
for tagged items moving through the supply chain. This paper reports 
the results for a variety of different arrangements of variables that may 
influence the readability of the RFID tags in a conveyer belt environ­
ment. The variables tested for this study were tag placement on the 
package, tag orientation, conveyer belt speed, tag type, package 
contents, and the reader antenna distance from the conveyer belt. 
The goal of this research was to determine how these variables influ­
enced the readability of the RFID tags. The results from this procedure 
determined that metal and water have a negative affect on the read ac­
curacy of the RFID tags. The read accuracy also decreased as con­
veyer belt speed increased, and as a function of the distance between 
the antenna and the conveyer belt. Multiple linear regression was 
used to create 'Hit Rate' equations that can be used to predict the hit 
rate for the three types of products tested under various speeds and 
distances. 
1.0 INTRODUCTION 
RADIO Frequency Identification (RFID) is a means of identifying unique items using radio waves. Typically, a reader interrogates a 
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microchip or tag, which holds digital information. RFID is being 
adopted in three principle areas transportation and distribution, manu­
facturing and processing, and security and law enforcement [1]. Second­
ary areas of application, some of which are steadily growing in applica­
tion numbers, include animal tagging, waste management, time and 
attendance, post~l tracking, airline baggage reconciliation, and road toll 
management. 
The supply chain at its present stage is not as reliable as it needs to be 
for effectively tracking packages through retail distribution. Every year, 
billions of dollars are lost because products do not: reach customers on 
time, in the right climatic conditions, or in the right quantities. Often the 
wrong products are shipped or the shipments get accidentally misdi­
rected [1]. On occasion, shipments are miscounted or miscoded on the 
receiving end, and sometimes the loss is created by pilfering, which can 
occur at various points of the supply chain. RFID based supply chain 
management systems promises to rectify a majority of the shortcomings 
of the present day package supply chain [1]. 
Recent RFID mandates and initiatives at case and pallet levels by su­
permarkets such as Wal-Mart, Albertson's, Best-Buy, and Target and 
the US Department of Defense in the United States and several Euro­
pean retailers such as Tesco, Carrefour and Metro who collectively 
share about 100,000 suppliers, have targeted reducing the cost associ­
ated with this technology [1]. There are obstacles in the development, 
implementation and acceptance ofRFID, as is the case with any imma­
ture technology. These obstacles include standardization, cost, and pri­
vacy/ethical issues. RFID also faces challenges in cases where the prod­
uct contains liquids and when the tags are located on or near metal 
packaging. Multinational organizations such as Gillette, Kimberly 
Clark, and Proctor and Gamble have, in the recent years, initiated RFID 
pilot studies to foster a new culture of innovation to achieve dramatic ef­
ficiencies in their supply chains. 
Retailers such as WaI-Mart and Target have identified RFID as a tech­
nology to help improve their supply chain management. Wal-Mart is 
one of the most aggressive retailers in implementing RFID. In 2004, 
Wal-Mart mandated its top 100 suppliers to tag all their case units and 
pallets delivered to three of its Texas distribution centers by January 1, 
2005 [2]. Despite initial difficulties in coming to grips with the mandate, 
the top 100 suppliers tagged at least one stock keeping unit (SKU) cate­
gory in their shipments to Wal-Mart's distribution centers. Another 38 
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suppliers voluntarily decided to work with Wal-Mart to meet its RFID 
requirements. Wal-Mart required its next 200 top suppliers to comply 
with a similar mandate by January, 2006 and further 300 suppliers by 
January 2007 [1]. RFID provides an opportunity to reduce supply chain 
costs, speed the flow ofmerchandise from manufacturing through distri­
bution centers and to the retail stores, and to provide consumers with 
better product availability. A study by the research group Gartner shows 
that the use of RFID in supply chains could result in a 90% decrease in 
location errors, 40% decrease in inventory counting time and 15% in­
crease in productivity [3]. Retailers, at the present time, are requiring 
suppliers to provide RFID tags at case and pallet level and eventually 
will move on to item level tagging. 
Government agencies such as Department of Defense (DoD) and 
Food and Drug Administration (FDA) are also considering their suppli­
ers to incorporate RFID tags in their shipments to them. DoD mandated 
all contracts issued after October 1, 2004 to apply RFID tags to all cases 
and pallets and to individual high value items ($5,000 or more) shipped 
to DoD [4]. Due to some forecasting problems and failure to adequately 
notify DoD's nearly 43,000 suppliers of the RFID mandate and the cur­
rent RFID tag shortage, the date was pushed back to April 2005 [4]. With 
increasing drug-counterfeiting concerns, FDA has identified RFID as a 
major tool in its attempts to combat this problem. RFID is to help create a 
"pedigree" (a secure record documenting that a drug was manufactured 
and distributed under safe and secure conditions) for drugs manufac­
tured by pharmaceutical companies. Companies like Purdue Pharma, 
GlaxoSmithKline and Pfizer have already started pilot programs to in­
corporate RFID in products deemed susceptible to counterfeiting [1]. 
Wal-Mart has put forth tag read requirements for case tagging as fol­
lows: 
• 100% read rate of cases moving on conveyers 
• Conveyer speeds ofup to 183meters perminute (600 feet perminute) 
• 10 foot read range 
• Must be able to read regardless of tag orientation 
This research analyzes specific variables that may affect the read ac­
curacy of RFID tags in a conveyer belt environment. Variables tested 
were the conveyer speed, tag placement on the package, antenna dis­
tance from the conveyer belt, package contents, and the type of tag used. 
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The goal of this project was to determine which alignment of these vari­
ables would produce themost accurate and consistent reads ofthe tags. 
2.0 EQUIPMENT AND METHODOLOGY 
2.1 Product 
Previous studies [1,5] have shown that RFID tags placed on or near 
packages made out of metal or containing water do not provide perfect 
reads. Based on this test packages were selected that had these variables 
for this project. Table 1 and Figure 1 provide the descriptions of the test 
cases used for the study. Paper towels, because of their transparency to 
RF, were used as control. 
2.2 RFID Hardware 
Alien Technology Corporation's (Morgan Hill, CA, USA) ALR 9780 
RFID reader and ALR-9610 circular polarized antennae were used for 
this study. The ALR-9780 provides both EPC Class 1 Gen I support and 
Gen 2 support and was connected to a computer using RS-232 computer 
interconnection. Itprovides up to four ultrahigh frequency (UHF) anten­
nae. Alien Gateway V2.15.08 middleware was used to collect all data. 
Four ALR-9610 circular polarized antennae were used, since they were 
less sensitive to the tag orientation and sufficed the read distance re­
quirements for this project. 
2.3 RFID Tags 
Four UHF, passive, Class 1 Gen 2 RFID tags (Figure 2) were studied 
with two orientations, horizontal and vertical. These tags were Alien 
Super Squiggle, Alien "Higgs", Raflatac G2 Short Dipole and Avery 
AD-222. They all measured approximately 4" x 1/2". 
2.4 Conveyer System 
The conveyer system used for this study was designed to simulate up 
to a 183 meters per minute (600 fpm) distribution center conveyer line 
and routing system. The continuous conveyer system was 0.61 m wide 
and 18.29 m long. The conveyer uses rollers and belts to move cases up 
Table 1. Description of Product. 
Product Product/Case Case Dimensions (cm) Packaging S' 
~Kirkland Signature brand paper towel rolls 12 - 27.94 cm x 35.56 cm 55.88 x 40.64 x 27.94 Plastic film used to wrap individual III 
3rolls as well as the case s·Kirkland Signature brand drinking water bottles 35 - 1/2 L 46.99 x 33.02 x 20.32 Shrink wrapped corrugated III 
board tray g 
Pepsi (regular) cans 15 - 237 mL 33.02 x 20.32 x 8.89 Paperboard carton o
..... 
•. o,,,···~···- ­
::--;e:"C"A••r£ I"
.? .. ~~ .
.~ .. ,. -::-.~~-
...""" 
~~
'> 1Qwel.;?~
- I --:- . . _._~~ ! 
. ~ .... '-- ­
Paper Towel 
S (I) 
ai· 
~
):­
.. \A 
-- ,fJJ ....:".. I-'--=:~ ijf.~, ~' _.4A. .. •• --~. ()
... f •• ~ 'Iii ,'. ' ....,. :_ ,Ii'- r;ii:::;'9( ,-: ... s: 
. ~ <0•.:
~
sr 
.l"~.\~t.~.~~~~J '~ ~":.Jil~'*".­., Ii. ~, V,"" :0 
;. ~ , " - 'II,' ~~8H,,"~"""-\ - '_., 
- ~~ , ~ . 
!:,;: ....­~ a
',._' ~ ~. "I'~----~ ,. '. ~ -t:tf',,1t J! Q;l 
<0PEPSI 
I.r,. :iJH ,. ",.~;,-.•"""• i?? 
III ~ .....,.l~>
,.. "_. - ,'.' & 
_ .;. "'(.'-, -Lo.." , 0­
~Bottled Water Carbonated Beverage 
Figure 1. Cases of Product used in the Study. 0) 
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Alien Super Squiggle Inlay Alien "Higgs" Inlay 
Raflatac G2 Short Dipole Inlay Avery AD-222 Inlay
Figure 2. RFID Tag Inlays.
inclines, through reader portals at variable speeds and around comers. 
Three conveyer belt speeds, 61 m/min (200 ft/min), 122 m/min (400 
ftlmin), and 183 m/min (600 ft/min), were used for this project. The rea­
son for testing at multiple speeds was to find out how the conveyer belt 
speed affected the readability of the tagged cases. 
2.5 Instant EPC Hotspot v2.5 software 
Instant EPC Hotspot software contains several tools to map out the 
RF-performance around a case of packaged-product. The software was 
used for this research to conduct an in-depth analysis at every 2.54 cm of 
the three product-package combinations. Easy to comprehend visual re­
sults were created to instantly identify the best location for tag place­
ment and tag orientation on cases of each ofthe three products studied. 
This, the first stage of testing, was done using one Alien ALR-9780 
circularly polarized antenna mounted on a stand, 91.44 cm from the cen­
ter of the antenna to the floor. Each of the products tested was placed on 
top of a 76.2 cm high plastic stand located at 90 degrees and 91.44 cm 
away from the antenna. With each product tested, the face of the case and 
the front of the antenna were kept 91.44 cm apart. For each product, two 
sides of the case were selected to determine an optimal tag location, the 
front face and back face with respect to the antenna [5]. 
Each face to be tested was equipped with a 2.54 cm x 2.54 cm grid 
drawn on a piece of paper that was taped to the face of the case to be 
tested. The center of the tag was placed at the intersection of each hori­
zontal and vertical line. The tag was moved from intersection to intersec­
tion for each read. Once the case and antenna were set up, the dimensions 
of the case were entered in the software's Case Setup page. The Hotspot 
test option, which brings up a 3-dimensional version of the product, was 
selected. The software creates a 2.54 cm x 2.54 cm grid on each face of 
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Figure 3. Test Setup for Optimum Tag Location Testing in the Horizontal Orientation. 
the case. The face representing the face of the case to be tested and the 
closest size tag were selected from the on screen options. On the 3-di­
mensional on-screen image, an intersection was selected that allowed 
the tag to fit completely on the case without overhang, and the actual tag 
was placed in the same location on the product to be tested (Figure 3). 
The tag was placed on the front of the package, the antenna activated, 
and results were recorded at each grid intersection. When each intersec­
tion had been tested, a still image of the face tested was saved, and the tag 
was moved to the back of the package, and the test was repeated. Again, 
once all intersections had been tested on the back side of the package, a 
still image of the face tested was saved. Once both sides had been com­
pleted with the tag in the vertical orientation, the tag was repositioned 
horizontally on the case, and both the front and back side of the case 
were tested again. This testing procedure was done for all four tags on all 
three packages. 
Figure 4 shows a comparison of the RF performance of the Alien 
Super Squiggle tag placed on bottled water cases in horizontal and verti-
Horizontal Vertical 
Figure 4. RF Performance Comparison ofAlien Super Squiggle Tags Placed on Bottled 
Water Cases. 
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Paper Towels Water Bottles Carbonated Beverage 
Figure 5. RF Performance Comparison ofAlien Super Squiggle Tags Placed Horizontally 
for Products. 
cal orientations. Figure 5 shows a comparison of the RF performance 
map for the same tag used horizontally on the three cases of products 
used for the study. 
Using the RF performance maps for the three product cases and the 
four tags used, an optimal tag location and orientation was selected for 
all combinations. For the case of paper towels the optimal tag location 
was on the front of the package in a vertical orientation. The location on 
the package chosen for all four tags was 5.08 cm down from the top and 
5.08 cm over from the right side of the package. For the carbonated bev­
erage cases containing metal cans, the optimal tag location was on the 
front of the package in a horizontal orientation. The exact location on the 
package chosen to use for all four tag placements for this product was 
2.54 cm down from the top and 10.16 cm over from the left side of the 
package. For the cases of water bottles, the optimal tag location was on 
the front of the package in a vertical orientation. The location on the 
package chosen for all four tags was 5.08 cm down from the top and 12.7 
cm over from the right side of the package. 
2.6 Conveyer Testing 
The second stage of testing utilized the conveyer belt. The conveyer 
belt testing was done to determine how the package contents, the type of 
RFID tag, the conveyer belt speed, and the antenna distance would affect 
the readability of the RFID tags. The tagged faces for all cases were 
placed on the conveyer belt to face the reader antenna (Figure 6). Con­
veyerspeeds of60.96, 121.92 and 182.88 meters per minute and the read 
distances of 0.305, 0.914, and 1.524 meters (I, 3, and 5 feet) were used 
for all combinations of RAD tags and cases of product. The readability 
of tags ("hit rate") was recorded using ten passes of the cases in front of 
the antenna. 
An Examination of the Variables Affecting RFiO Tag Readability 69 
Circular
Polarized
Antenna
Figure 6. Experimental Setup Deployed for Conveyer Belt Testing. 
3.0 RESULTS AND DISCUSSION 
The "average hit rates" produced by the various combinations of vari­
ables are listed in Tables 2-5. Each hit rate is based on 10 individual ob­
servations. 
The data in Tables 2-5 was then analyzed using multiple linear regres­
sion. An analysis of main effects showed that the performance of the four 
tag types tested were not significantly different (p > 0.1). Therefore, the 
results were pooled to examine the effects of product type (P), speed (S), 
and distance (D). 
Based on our analysis, we found that all the main effects of product 
type, speed, and distance were significant (p < 0.006). First order inter-
Table 2. Test Results for Alien Super Squiggle Tags. 
Antenna Distance Conveyor Avg Hit Rate (% of 10 observations) 
from Conveyor Belt Speed 
(meters) (m/min) Paper Towels Pepsi Water Bottles 
61.0 100 100 100 
0.30 121.9 100 80 100 
182.9 100 80 90 
61.0 100 100 100 
0.91 121.9 100 50 100 
182.9 100 20 100 
61.0 100 50 100 
1.52 121.9 100 60 90 
182.9 100 a 90 
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Table 3. Test Results for Alien "Higgs" Tags. 
Antenna Distance Conveyor Avg Hit Rate (% of 10 observations) 
from Conveyor Belt Speed 
(meters) (m/min) Paper Towels Pepsi Water Bottles 
61.0 100 100 100 
0.30 121.9 100 60 100 
182.9 100 60 90 
61.0 100 70 100 
0.91 121.9 100 50 90 
182.9 100 50 100 
61.0 100 10 100 
1.52 121.9 100 0 50 
182.9 100 0 60 
Table 4. Test Results for Rat/atae G2 Short Dipole Tags. 
Antenna Distance Conveyor Avg Hit Rate (% of 10 observations) 
from Conveyor Belt Speed 
(meters) (m/min) Paper Towels Pepsi Water Bottles 
61.0 100 90 100 
0.30 121.9 100 60 90 
182.9 100 50 90 
61.0 100 20 100 
0.91 121.9 100 20 100 
182.9 100 10 90 
61.0 100 0 90 
1.52 121.9 100 0 100 
182.9 100 0 70 
Table 5. Test Results for Avery AD-222 Tags. 
Antenna Distance Conveyor Avg Hit Rate (% of 10 observations) 
from Conveyor Belt Speed 
(meters) (m/min) Paper Towels Pepsi Water Bottles 
61.0 100 100 100 
0.30 121.9 100 50 100 
182.9 100 30 80 
61.0 100 90 100 
0.91 121.9 100 40 90 
182.9 100 20 90 
61.0 100 10 100 
1.52 121.9 100 0 70 
182.9 100 0 30 
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action terms were also examined. To correct for multicollineary caused 
by interaction terms, the speed and distan~e variables were centered us­
ing their mean values (i.e. Sj - S, D i-D). This reduced 
multicollinearity to an acceptable level (Kutner et aI., 2004). 
The general multiple linear regression model using these centered val­
ues for speed and distance with product type and all two-way interaction 
terms was significant overall at the (p =0.000) level. The model explains 
approximately 83% of the variation in hit rate. All main effects in the 
model were found to be significant at at least the (p =0.006) level using 
t-tests of individual variables. The interaction of centered speed and dis­
tance was the only term in the model that was not significant (p > 0 .9) 
and was therefore dropped from further analysis. Partial f-tests found 
that the dummy variables representing the product types and all groups 
ofinteraction terms for speed and distance were significant (p < 0.000). 
The following general predictive model applies to the range of speed 
and distances tested: 
HR =90.3 - 0.114Sc - 13Dc + 9.72PI - 47.8P2 + 0.144ScPI ­
0.144ScP2 + 13DcPI - 36.9DcP2 
where: 
HR =hit rate % ::; 100% 
Sc =centered speed (m/min) =SI - S 
Si = speed (m/min) 
S = average speed (m/min) = 121.9 
Dc = centered distance D i - D 
D i =distance (m) 
D =average distance (m) =0.91 
PI =0, P2 =0 for water bottles 
PI =I, P2 =0 for paper towels 
PI =1, P2 =I for Pepsi cans 
The beta coefficients reflect the effect of the model terms on the hit 
rate. By plugging in the appropriate Pi values for each product type, the 
following product type specific equations are generated: 
HRwaterbottles = 90.3 - 0.114(Si -121.9) - 13(Di - 0.91) 
HRpaper towels =100 
HRpeps;cans =52.2 - 0.114(S; - 121.9) - 36.9(Di - 0.91) 
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Water Bottles: Hit Rate vs Distance 
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Figure 7. Plot of hit rate versus distance over range of test speeds for water bottles. 
The family of curves generated for the water bottle and beverage 
metal can product types are shown in Figures 7 and 8. The predicted hit 
rate for paper towels is 100% over the ranges tested and therefore was 
not plotted. The predicted hit rate is also 100% for water bottles moving 
at the lowest speed for distances between 0.305 and 0.702 meters. An ex­
amination of the curves in Figures 7 and 8 and the beta coefficients for 
their respective equations shows that metal cans are much more nega­
tively affected by distance than water bottles. Metal beverage cans typi­
cally have a 36.9% reduction in hit rate per meter versus only a 13% re­
duction for water bottles. The effect of increasing speed also has more of 
an effect on metal cans than water bottles, although the difference in ef-
Pepsi Cans: Hit Rate vs Distance 
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Figure 8. Plot of hit rate versus distance over range of test speeds for Pepsi cans. 
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fect sizes is less dramatic at 14.4% versus 11.4%. A Bonferroni proce­
dure for 90% simultaneous confidence intervals demonstrated that all 
the predicted hit rates are within ±0.5% (Kutner et ai., 2004). 
4.0 CONCLUSIONS 
1. The results show that products in metal cans (beverage aluminum 
cans) show the largest resistance to 100% reads at high conveyor 
speeds. 
2. Speed of conveying product above 183 m/min (600 ft/min) affects 
readability of tags on both metal cans and water based products. 
3. 100% reads of RFID tags from different suppliers are possible on a 
range of other consumer products such as toilet paper and tissue. 
4. Readability oftags (hit rate) as a function oftag orientation and place­
ment can be optimized by the method developed and shown in this pa­
per for varying conveyor speeds and product types. 
REFERENCES: 
1. Singh, P., McCartney, M., Singh, J., Clarke, R RFID Research and Testing for Packages of 
Apparel, Consumer Goods and Fresh Produce in the Retail Distribution Environment. Pack­
aging Technology and Science, D01:1O:1002/pts.782, 2007. 
2. Zaino, J. Wal-Man's RFID Mandates: Separating FactFromFiction./nformation Week. Sept. 
27, 2004.Accessed September 14, 2005. 
3. Wills, M. RFID Isn't Just for Big Companies. RFlD Journal. May 3, 2004. 
4. Bednarz, A. DoD pumps up RFID effort. Network World, April 19, 2004. Accessed Septem­
ber 17, 2005. 
5. Clarke, R, Falls, J. Methods and Apparatus for RFID Hotspot Testing. Journal ofApplied 
Packaging Research. Vol. 1, No.2, December 2006. 
6. Kutner, M. H., Nachtsheim, C. J. & Neter, J. (2004) Applied linear regression models, Boston, 
Irwin. 
